Cone-rod degeneration (CRD [MIM: 120970]) represents
an extremely rare class of hereditary diseases that affect the light-sensing neurons of the retina, the cone and rod photoreceptors. 1 Cones are involved in daytime vision, providing the brain with color information and central, precise visual input. Conversely, rods are active in very dim light conditions, are more abundant in the retinal periphery, and produce achromatic information, typical for instance of the visual stimulation provided by a landscape on a moonless night. Individuals with CRD experience initial loss of visual acuity (central vision) and aberrant color vision as a result of the prominent loss of cones, whereas rod functions remain relatively preserved. 2 As the disease progresses, both cone and rod functions deteriorate and central vision is severely impaired or lost, but peripheral islands of the retina might retain some residual activity. 3 On the basis of these clinical parameters, CRD can be distinguished from retinitis pigmentosa (RP [MIM: 26800], also called rod-cone degeneration), the most common form of hereditary retinal degeneration. In retinitis pigmentosa, rods are more severely affected than cones;
initial symptoms include night blindness due to loss of rod function, and central vision (cone function) is often preserved until the very late stages of the disease. 4 CRD is almost invariantly inherited as a Mendelian trait, predominantly according to a recessive pattern of transmission, and is characterized by an elevated genetic and allelic heterogeneity. 5 Although as many as 33 CRD-associated genes have been identified to date (RetNet; see Web Resources), they are found to be mutated in only~25% of clinical cases, implying that a substantial percentage of affected people might carry mutations in yet-to-be-identified genes.
and scored according to a specific in silico pipeline, described previously. 7 Aggregate data analysis and variant filtering procedures (Tables S1 and S2 in the Supplemental Data available online) revealed biallelic mutations in two probands, one from Greece and another from Sweden, in CEP78 (centrosomal protein 78, composed of 16 exons for its longest coding isoform [GenBank: NM_ 001098802.1]). Both had classical signs and symptoms of CRD, clearly distinct from retinitis pigmentosa, as detailed below. Written informed consent was obtained from all individuals enrolled in this study, and approval for research on human subjects was obtained from the institutional review boards of all participating Institutions. The Greek subject (KN10, individual II-1 on the left pedigree in Figure 1 ) was a 59-year-old male from the island of Crete and the eldest of two siblings of a non-consanguineous family. His sister was unaffected, and the family reported no history of retinal degeneration. Clinical history indicated hemarelopia since early adulthood (18-20 years of age); the condition progressed to severe central vision loss at the age of 35-40 years and evolved into severe visual impairment, nystagmus, and photophobia. Dyschromatopsia was also reported. Fundus examination at first visit showed normal color and normal vessels but a small atrophic foveal area with subjacent ring-like glistening in one eye and bull's-eye maculopathy in the other eye. A few atrophic lesions were present in the inferior periphery in one eye (Figure 2 ). The 30 static automated perimetry revealed a diffuse suppression of the visual field in both eyes and a relative conservation of the peripapillary and superior periphery. Full-field electroretinography (ERG) showed flat cone responses but still some residual rodmediated signals in the left eye. This person also complained about minor hearing problems, and his audiogram exhibited relatively mild deficit; nonetheless, such deficit was clearly distinct and more severe than natural agerelated hearing loss (presbycusis) 9 ( Figure 2 ). KN10 carried a homozygous substitution in the first invariant base of intron 3 splice donor site c.499þ1G>T (IVS3þ1G>T) (Figure 1 ). This variant was located within a very small stretch of homozygosity that was not statistically significant for autozygosity, possibly indicating a mutational founder effect of geographic origin (not shown). The only relative who could be tested was his paternal uncle (individual I-1, left pedigree), who carried this DNA change heterozygously ( Figure 1 ). The Swedish proband (2716s15, individual II-2 on the right pedigree in Figure 1 ), now deceased, was last examined at 69 years of age. He was born from unaffected parents and was the first child of a kindred of two. His sister (2702r34, individual II-3, right pedigree), examined at age 65, also had retinal degeneration. Both had visual problems, including loss of color sensitivity and central vision, since childhood. Both also reported a hearing deficit since they were young, and both had hearing aids. Audiogram of the living Swedish subject at age 66 years revealed substantial sensorineural hearing loss, which did not seem to progress substantially over the following 11 years ( Figure 2 ). Hospital records containing information on the hearing status of her deceased brother were destroyed upon his death. Fundus examination showed degenerative changes for both siblings in the macular region and some spicular pigment in the mid-periphery but fewer changes in the periphery (Figure 2 ). Progressive deterioration of the visual field was reported and documented as expanding from the center to the periphery. At last examinations, both siblings retained some residual vision at the periphery of the visual field, especially in dim-light conditions. Similar to the situation for the Greek subject, full-field ERG of both individuals highlighted almost no residual cone activity but still revealed some rod-mediated responses, even at these late ages. These siblings were compound heterozygotes for two CEP78 mutations: a frameshift-causing single-nucleotide deletion (c.633delC; p.Trp212Glyfs*18) in exon 5 and an intronic base substitution (c.499þ5G>A; IVS3þ5G>A) in the vicinity of the donor site for intron 3, just four nucleotides away from the mutation identified in the Greek subject. Genetic examination of the proband's son (individual III-1, right pedigree) uncovered the presence of this latter mutation in heterozygosis, confirming the biallelic nature of the changes detected in his father and his aunt ( Figure 1 ).
Sanger sequencing of the entire reading frame of CEP78 in a cohort of 99 unrelated CRD-affected individuals of Swedish, Swiss, Dutch, and Pakistani ethnic background failed to identify any additional causative variants. The three mutations present in our two families were not detected in the genome of an internal control cohort of 350 unrelated individuals or in any other public database, including the 1000 Genomes Project, the Exome Variant Server (EVS), and the Exome Aggregation Consortium (ExAC) Browser, which reports sequencing data from more than 61,000 unrelated individuals. In addition, in silico assessment of the c.499þ1G>T and c.499þ5G>A mutations via two distinct web-based platforms, NNSPLICE 0.9 10 and Human Splicing Finder, 11 predicted for both variants the abolishment of the donor splicing site for intron 3.
To analyze the functional consequences of the three mutations, we obtained fresh blood samples and skin biopsies from the Greek proband and the living Swedish subject and performed the following experiments. We first retrotranscribed total RNA from immortalized lymphoblasts (GoScript Reverse Transcriptase, Promega). Then, after performing saturating RT-PCR of the region spanning all mutations (primers: 5 0 -TTTTGCAGAAGTCGTGTTCCT-3 0 and 5 0 -TTCAAGGGCCTCTAGCAAAG-3 0 ), we cloned the amplified products in E. coli (Zero Blunt PCR Cloning Kits, Invitrogen) and performed colony PCRs and capillary electrophoresis on 96 clones (48 clones per affected individual). Representative samples were Sanger sequenced, and relative numbers of splicing events were assessed and quantified. The c.499þ1G>T mutation resulted invariantly in the skipping of exon 3, leading to the production of an aberrant isoform, never reported in genomic databases, for which exons 2 and 4 were joined together. This event ablated 24 codons and altered the reading frame of CEP78, leading to the formation of a premature termination codon at nucleotides 16-18 of exon 4. Therefore, this non-canonical transcript was predicted to trigger nonsense-mediated mRNA decay (NMD) 12 and result in no viable mRNA. The same exon-skipping occurrence was observed for the other, nearby mutation, c.499þ5G>A, that was present in the Swedish subjects. Finally, the frameshift mutation c.633delC resulted in reduced mRNA amounts, as deduced by the low number of E. coli colonies carrying this cDNA clone (4 out of 48), again, probably as a result of the action of NMD. Immunoblot analysis in fibroblasts' extracts (antibodies: A301-799A, Bethyl Laboratories, epitope between residues 550 and 600 and A2066, Sigma, for beta actin) revealed the presence of CEP78 in very reduced amounts in the Greek subject and the absence of any detectable band in the Swedish subject, in agreement with the mRNA findings described above ( Figure 3 ). More specifically, the homozygous c.499þ1G>T mutation probably resulted in a few canonical mRNA forms not detected by our cloning experiments, in turn producing small amounts of CEP78. Concerning the Swedish subject, it is likely that both the c.633delC and the c.499þ5G>A alleles produced mostly non-viable mRNA and minimal quantities of wild-type mRNA and protein.
In fact, overexposed films showed a faint band corresponding to CEP78, indicating that the protein was present in trace amounts (not shown).
To gain insights into the relationship between vision and CEP78, we analyzed its expression in a panel of human 14 CEP78 displayed a FPKM (fragments per kilobase of exon per million reads mapped) value of 4.53 (average from three human cochleae), indicating moderate expression in this structure. Importantly, this FPKM value for CEP78 appeared to be higher than that of most genes already known to be associated with hereditary deafness (40 out of 70, or 57%), as assessed in the same organs and in the same conditions (Table S3) .
Little is known about the function of CEP78. Identified as a component of the centrosome by two independent proteomic screenings, 15, 16 CEP78 is composed of five leucine-rich repeats located at the N-terminal half of the protein, as well as a coiled-coil domain at the C terminus. An important study using Planaria as the main experimental model revealed that miRNA-based knockdown of CEP78 resulted in defective primary cilia assembly in flatworms and human RPE1 cells. 17 Intriguingly, CEP78 was also found upregulated more than 5-fold by noise stress in rat cochlea. 18 The function and impact of CEP78 in human physiology, however, remain largely elusive. The reported centrosomal localization of CEP78 prompted us to investigate a possible role in relationship to the photoreceptor primary cilium. Immunofluorescence of human retinal sections with anti-CEP78 antibody (IHC-00364, Bethyl Laboratories, epitope between residues 550 and 600) and anti-cone arrestin (SC-54355, Santa Cruz) showed that CEP78 is present in dot-shaped foci in the inner segments, probably at the base of the primary cilium in retinal photoreceptors, predominantly cones ( Figure 5 and Figure S1 ). This observation was confirmed when CEP78 was labeled together with acetylated tubulin, staining the primary cilium of human skin fibroblasts ( Figure 5 ). Interestingly, positive staining was observed in fibroblasts from KN10 and 2702r34 as well, confirming that CEP78 was in fact expressed at the protein level in these individuals, as inferred ( Figure 5 ). The mild differences between these experiments and the protein-expression observations might be due to different sensitivities of the two analytical tools and the use of distinct antibodies (A301-799A for immunoblot and IHC-00364 for immunofluorescence). No specific differences concerning CEP78 subcellular localization were observed in cells from affected individuals versus cells from controls.
Presence at the base of the connecting cilium is a characteristic that is shared by other proteins associated with retinal degeneration, and in particular by FAM161A, the deficiency of which causes the RP28 form of retinitis pigmentosa (MIM: 606068). [19] [20] [21] Indeed, tandem-affinity purification analysis performed with full-length FAM161A showed a positive interaction with CEP78, 22 and co-immunoprecipitation with an anti-CEP78 antibody (A301-800A, Bethyl Laboratories, epitope between residues 639 and 689) in HEK293T cells transfected with full-length FLAG-FAM161A revealed direct binding between these two ciliary proteins ( Figure 5 ). On the basis of these findings, we speculated that CRD due to mutations in CEP78 could be a consequence of hindered ciliary function, similar to what occurs in many other retinal degenerations. 23 To test this hypothesis, we analyzed the morphology of primary cilia in fibroblasts derived from KN10 and 2702r34, with respect to four controls, after serum starvation. Unsupervised counting of at least 82 events per sample (207 events in affected individuals and 430 in controls) revealed that induced cilia in fibroblasts from KN10 and 2702r34 were significantly longer than those from control cells ( Figure 6 and Figure S2 ), a phenomenon that has been previously associated with impaired function of this organelle. For instance, mutations in murine orthologs of BBS4, ICK, and TSC1, linked with ciliopathies such as Bardet-Biedl syndrome, endocrine-cerebro-osteodysplasia, and tuberous sclerosis, respectively, display kidney cells with elongated primary cilia. In recent years, a significant number of hereditary conditions have been recognized to be the consequence of abnormalities of the cellular cilium. These diseases, collectively called ciliopathies, form a genetically heterogeneous spectrum of disorders affecting various tissues and organs, for instance kidney, cochlea, brain, and retina. 23, 27 Classical examples of ciliopathies involving retina and other tissues are Usher syndrome (MIM: 276900, blindness and deafness) and Bardet-Biedl syndrome (BBS [MIM: 209900], blindness and multi-organ defects) for both of which vision loss is due to retinitis pigmentosa. 28 In addition, syndromic cilio- 33 caused by null mutations in the gene ALMS1 (MIM: 606844). This disease is characterized by cone-rod degeneration, dilated cardiomyopathy, obesity, type 2 diabetes, and short stature, which can be accompanied by hepatosteatosis and defects in the lungs, kidney, and bladder. 33, 34 Most cases also display progressive sensorineural hearing loss. 35 Of interest, mutations in ALMS1 have recently been suggested as being causative of non-syndromic CRD. 36 In this study, we show that mutations in CEP78 result in cone-rod degeneration associated with hearing loss, another hallmark of ciliopathy, but no other syndromic features. Interestingly, the two Swedish affected individuals had declared hearing loss, and the Greek subject had borderline hearing impairment. An intriguing possibility involves the presence of a genotype-phenotype correlation between CEP78 alleles and hearing (but not vision), as it is the case for instance for mutations in USH2A and ALMS1. [36] [37] [38] Taken together, our data indicate that genetic defects in CEP78 define a newly recognized ciliopathy, distinct from Usher and Alström syndromes, affecting both the visual and the hearing systems.
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